The distribution of postsynaptic glutamate receptors has been shown to be regulated by proimmunocytokine tumor necrosis factor ␣ (TNF-␣) signaling. The role of TNF-␣ receptor subtypes in mediating glutamate receptor expression, trafficking, and function still remains unclear. Here, we report that TNF receptor subtypes (TNFR1 and TNFR2) differentially modulate ␣-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptor (AMPAR) clustering and function in cultured cortical neurons. We find that genetic deletion of TNFR1 decreases surface expression and synaptic localization of the AMPAR GluA1 subunit, reduces the frequency of miniature excitatory postsynaptic current (mEPSC), and reduces AMPA-induced maximal whole-cell current. In addition, these results are not observed in TNFR2-deleted neurons. The decreased AMPAR expression and function in TNFR1-deleted cells are not significantly restored by short (2 h) or long (24 h) term exposure to TNF-␣. In TNFR2-deleted cells, TNF-␣ promotes AMPAR trafficking to the synapse and increases mEPSC frequency. In the present study, we find no significant change in the GluN1 subunit of NMDAR clusters, location, and mEPSC. This includes applying or withholding the TNF-␣ treatment in both TNFR1-and TNFR2-deleted neurons. Our results indicate that TNF receptor subtype 1 but not 2 plays a critical role in modulating AMPAR clustering, suggesting that targeting TNFR1 gene might be a novel approach to preventing neuronal AMPAR-mediated excitotoxicity.-He, P., Liu, Q., Wu, J., Shen, Y. Genetic deletion of TNF receptor suppresses excitatory synaptic transmission via reducing AMPA receptor synaptic localization in cortical neurons. FASEB J. 26, 000 -000 (2012). www.fasebj.org
␣-Amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptor (AMPAR) and N-methyl-d-aspartic acid receptor (NMDAR) are the main excitatory glutamate receptors in the mammalian brain where they extensively localize and cluster on postsynaptic neural membranes (1-3). They play important roles in mediating excitatory synaptic transmission, and overactivation of these receptors induces excitotoxic damage to neurons (4 -6) . Therefore, manipulation of the AMPAR/ NMDAR distribution and/or activity could be an attractive approach to reduce or prevent neuronal excitotoxicity.
Two subtypes of TNF receptors, TNFR1 and TNFR2, are expressed in both neurons and glia (7) (8) (9) . They couple to distinct but overlapping intracellular signaling pathways (10, 11) and are associated with the survival or death of cortical neurons (8, 12) . TNFR1 can bind to either soluble TNF-␣ or transmembrane TNF-␣, with a preference for soluble TNF-␣, and activation of this receptor triggers a complex apoptotic pathway (13, 14) . In contrast, TNFR2 is preferentially activated by transmembrane TNF-␣ (15, 16) and protects neurons against excitotoxicity (8, 17, 18) .
It has been suggested that TNFR signaling is correlated with glutamatergic transmission, synaptic plasticity, and scaling (19, 20) . Activation of the TNFR increases AMPAR assembly and trafficking to the cell surface while decreasing GABA A receptor surface expression (19, (21) (22) (23) . Physiologically, TNFR-mediated signaling increases the amplitude and mean frequency of miniature excitatory postsynaptic current (mEPSC; refs. 19, 23) and decreases the amplitude of miniature inhibitory postsynaptic current (mIPSC; ref. 22) . Pharmacologically, the inactivation of TNFR signaling by neutralizing endogenous TNF-␣ or sequestering TNFR1 could prevent basal and tetrodotoxin-induced increases in 1 These authors contributed equally to this work. 2 AMPAR surface expression and mEPSC amplitude, as well as reducing the amplitude of mIPSC (19, 23) . In the observations reported previously, evidence indicates the existence of TNFRs on the cellular surface. Due to specific signaling associations and the overlap of TNFR subtypes 1 and 2, the roles of these subtypes have not been fully determined. Here, we culture cortical neurons and observe the brain tissues following induction of cerebral ischemia injury from the brain tissue of mice that have been genetically modified to lack either TNFR subtype 1 (TNFR1 Ϫ/Ϫ ) or 2 (TNFR2 Ϫ/Ϫ ). We find that the signaling of TNFR1, but not TNFR2, plays a key role in AMPAR surface distribution, synaptic localization, and excitatory neurotransmitter transmission. However, both TNFR1 and 2 are associated with the maintenance of AMPAR affinity. This effect is highly specific, and neither subtype of TNFR is specifically correlated with NMDAR distribution, synaptic location, or affinity.
MATERIALS AND METHODS

Animals
All mice were of C57BL/6 background. Mice of wild-type (WT), TNFR1 homozygote knockout (TNFR1 Ϫ/Ϫ ), and TNFR2 homozygote knockout (TNFR2 Ϫ/Ϫ ) were purchased from Jackson Laboratory (Bar Harbor, ME, USA). The TNFR1 heterozygote genotype (TNFR1 ϩ/Ϫ ) was produced by WT breeding with TNFR1 Ϫ/Ϫ mice. The internal breeding of TNFR1 ϩ/Ϫ mice was performed, and the resulting mice were used to prepare cortical neuron cultures. The postnatal mice used for the cell cultures were genotyped, and the littermates of the same genetic background of WT (TNFR1 ϩ/ϩ ) and TNFR1 Ϫ/Ϫ were analyzed. Similarly, experimental WT and TNFR2 Ϫ/Ϫ mice were produced, and cell cultures were performed.
Focal cerebral ischemia models
All surgical procedures and animal husbandry protocols were in accordance with Sun Health Research Institute (Sun City, AZ, USA) ethics committee guidelines. Briefly, following overnight food withdrawal, 3-mo-old WT and TNFR1 Ϫ/Ϫ mice (nϭ5 each) were anesthetized by intraperitoneal injection of chloral hydrate. The extracranial segment of the left internal carotid artery was isolated and ligated to interrupt blood supply for 24 h to the middle cerebral artery territory. The incision wound was sutured and cleaned. The animals were removed from the anesthetic and placed in veterinary incubators. Recovery of consciousness occurred within 10 min postischemia.
Histology
For Gallyas silver stain, brain sections were incubated in 5% periodic acid for 3 min. After washing, the sections were transferred in silver iodide solution for 1 min and then in 0.5% acetic acid for 5 min. Sections were developed to a pale brown/gray for 5-10 min by stopping development with 0.5% acetic acid for 5 min. For hematoxylin stain, the sections were incubated in the hematoxlin solution purchased from Sigma (St. Louis, MO, USA) for 4 min and differentiated with 70% ethanol for 30 s. Following the last histological step, the sections were mounted and dehydrated with ethanol and cleared with xylene.
Immunohistochemistry
The immunostaining was performed as described previously (24) . The mice with left focal cerebral ischemia were sacrificed within 24 h of operating manipulation. Mice were perfused with PBS including 10 U/ml of heparin and fixed with 4% paraformaldehyde (PFA). The whole brains were removed, postfixed in 4% PFA for 48 h, and sectioned coronally to 30 m. Sections were blocked for endogenous peroxidases with Ϫ20°C methanol containing 0.33% H 2 O 2 for 10 min. Pretreatment of sections was performed with 0.3% triton X-100 and blocked with 10% goat serum for 30 min. Primary antibodies were applied with polyclonal rabbit antiGluA1 (former GluR1) subunit of AMPARs (AB1504, 1:100; Millipore, Billerica, MA, USA) and monoclonal mouse antisynaptophysin (SYP; 5768, 1:500; Sigma). The incubation was performed overnight at 4°C. Secondary antibodies of goat against mouse or rabbit with fluorescence 488 or 568 (1:1000; Invitrogen, Carlsbad, CA, USA) were incubated for 30 min. The images were taken with FluoView FV1000 confocal microscope (Olympus, Tokyo, Japan).
Cell culture
Primary neuronal cultures were prepared as described previously (8) , with minor modifications. Postnatal (1-3 d) WT,  TNFR1 Ϫ/Ϫ , and TNFR2 Ϫ/Ϫ mice were selected, and the cortical tissue was dissected under a stereological microscope. The cortical tissue was cut into 200-m slices, then digested with DMEM containing 20U of papain/DNase I (Worthington, Lakewood, NJ, USA) in a 37°C incubator with gentle shaking for 30 min. Dissociated cells were seeded on poly-llysine substrate-coated 8-well chamber slides (for immunocytochemistry) at a density of 1 ϫ 10 3 cells/cm 2 or 6-well plates (for Western blot) that were precoated with 100 g/ml polyl-lysine hydrobromide (PLL, Sigma, catalog: P9155), at a density of 1 ϫ 10 5 cells/cm 2 . Cells were grown with the medium based on Neurobasal A supplemented with 2% of B27, 2 mM of L-glutamine, and 1% of N2 supplement (Invitrogen) in a 37°C, 5% CO 2 incubator. Half the volume of the medium was changed every 3-4 d. Cells were treated at 13 days in vitro (DIV) for 24 h or 14 DIV for 2 h with vehicle (control) or 100 ng/ml of TNF-␣ (R&D Systems). Experiments were repeated Ն3 times.
Immunocytochemistry
Cultured cells were immunolabeled as described previously (25) . At the end of the culture, cells were washed with PBS 3 times for 5 min each on ice. Cells were fixed with methanol at Ϫ20°C for 10 min for immunostaining of SYP and the GluN1 subunit of NMDAR. For other antigen labeling, the cells were then fixed with 4% paraformaldehyde including 4% sucrose at 4°C for 15 min. To stain the antigens located on or around the synaptic structures on the cell surface, the cells were treated without addition of Triton X-100 (for cell permeability). A blockade to prevent nonspecific binding was performed with 3% BSA for 30 min before application of primary antibodies. Immunostaining was performed sequentially with antibodies as follows: polyclonal rabbit antibody against TNFR1 (ab19139, 1:400; Abcam), polyclonal goat anti-TNFR2 (sc-1074, 1:400; Santa Cruz Biotechnology, Santa Cruz, CA, USA), Monoclonal mouse anti-MAP2ab (MAB3418, 1:800; Millipore), polyclonal rabbit anti-GluN1 (former NR1) subunit of NMDAR (AB1516, 1:100; Millipore), monoclonal mouse antipostsynaptic density protein-95 (PSD-95; MAB1596, 1:100; Millipore), polyclonal rabbit anti-GluA1 subunit of AMPARs (AB1504, 1:100; Millipore), monoclonal mouse anti-SYP (5768, 1:500; Sigma), polyclonal rabbit anti-SYP (sc-9116, 1:400; Santa Cruz Biotechnology). Alexa Fluor 488 (green)-or 568 (red)-conjugated secondary antibodies (donkey or goat anti-rabbit or anti-mouse IgG, 1:1000) were applied (Molecular Probes, Eugene, OR, USA). Control staining was performed using the same procedure with omission of the primary antibody. Chambers were mounted using prolonged antifade mounting solution (Molecular Probes).
Western blot
Cells were treated with cell lysis buffer (10 mM Tris-HCl, pH 7.4; 150 mM NaCl; 1 mM EDTA; 1 mM EGTA; 0.1 M Na 3 VO 4 ; 10% glycerol; and 0.5% Triton X-100; ref. 25) . Protein (25 g) was separated on an 8% SDS-PAGE gel and transferred to a PVDF membrane. Proteins were probed with the following polyclonal rabbit antibody against the GluA1 subunit of AMPAR (AB1504, 1:100; Chemicon, Temecula, CA, USA) and monoclonal mouse antibody against ␤-actin (1:20,000; Sigma). Western blot measurements were repeated 3 times independently.
Patch-clamp recording
Whole-cell patch-clamp recordings coupled with a 2-barrel drug application system were used as described previously (26) . Glass microelectrodes (GC-1.5; Narishige, Tokyo, Japan) were fashioned using a 2-stage vertical pipette puller (P-830; Narishige), and the resistance of the electrode was consistently 3 to 5 M⍀ when filled with internal solution. A tight seal (Ͼ2 G⍀) was formed between the electrode tip and the cell surface, which was followed by a transition from on-cell to whole-cell recording by brief suction. Access resistance Ͻ 30 M⍀ was acceptable during voltage-clamp recordings after formation of the whole-cell configuration. Compensation for the series resistance was not performed in all experiments. Data were acquired using a patch-clamp amplifier (200B; Axon Instruments, Foster City, CA, USA) and filtered at 2 kHz, acquired at 11 kHz, and digitized online (Digidata 1322 series A/D board; Axon Instruments). All experiments were performed at room temperature (22Ϯ1°C). The drugs AMPA and NMDA were purchased from Tocris Cookson Inc. (Ballwin, MO, USA). Pipette solution contained the following: 140 mM K-gluconate, 5 mM KCl, 10 mM glucose, 2 mM MgCl 2 , 10 mM HEPES, 0.2 mM EGTA, 4 mM ATP, 0.3 mM GTP, and 10 mM Na-phosphocreatine, pH 7.2 (with KOH). Cultured cells were superfused with normal extracelluar solution including 135 mM NaCl, 5 mM KCl, 25 mM glucose, 10 mM HEPES, 2 mM CaCl 2 , and 2 mM MgCl 2 , pH 7.4 (with Trisbase). When mEPSCs were recorded, the extracelluar solution contained 200 nM tetrodotoxin, 30 M bicuculin, and 50 M D-APV. All mEPSCs above a threshold value of 5 pA were included in the data analysis, and each EPSC was verified visually. TNF-␣ (100 ng/ml) was applied to cultures for 24 h before patch-clamp recording and compared with untreated cultured cells.
Quantification analysis
Identification of glutamate receptor clusters and their colocalization with PSD-95 and synaptic markers was performed with Leica color microscopy (Leica, Wetzlar, Germany). In all experiments, neurons used for analysis were randomly selected. Fluorescent digitized images were obtained with a DEI-470 digital camera (Optronics, Goleta, CA, USA) with the same background and parameters. Neurons (2-3/field) were selected at random and analyzed in each microscopic field (4 -5 fields in each condition). All images were analyzed using Image-Pro Plus Image Analysis software (Media Cybernetics, Inc., Silver Spring, MD, USA). Images of the diffuse background fluorescence on the dendritic shaft of neurons were thresholded, and individual clusters were identified as regions with a Ͼ2-fold intensity increase in diffuse fluorescence. Due to intense nonspecific binding on the cell body, clusters in well-defined proximal dendrites 5 m from the soma were counted, and averages were calculated per 20 m. In the present study, n indicates the segment (20 m) number of proximal dendritic processes (does not include soma, 3-4 segments/neuron). To quantify synaptic localization, ϳ30 -40% pixel overlap of GluA1 with PSD-95 clusters or SYP clusters was considered to be a synapse (27) . The percentage of colocalization in manipulated and control cultures was calculated as the number of colocalized punctae divided by the number of PSD-95 or SYP clusters. For display in figures, images were processed using Adobe Photoshop software (Adobe Systems, San Jose, CA, USA). Regarding quantitative analysis, investigators were masked to grouping and treatment history of the cells. Raw data presentation in the normalized 8-bit image was analyzed. Each experimental manipulation was performed 3-4 times. Statistics were analyzed using an ANOVA, followed by the Tukey's multiple comparisons test among treatment and each of the WT, TNFR1
, and TNFR2 Ϫ/Ϫ groups. All values are shown as means Ϯse, and differences were considered significant at P Յ 0.05.
RESULTS
Genetic TNFR1 deletion reduces AMPA receptor clusters
To understand the expression and distribution of TNFR subtypes on cortical neurons (28), cultured neurons were immunostained with antibodies against TNFR1 and TNFR2. Mature neurons were visualized with MAP2ab staining. Immunofluorescence showed that both TNFR1 and TNFR2 are distributed diffusely at the cell surface of the soma, and dendrites in cultured cortical neurons prepared from WT mice (Fig. 1A) . We found that all neurons (confirmed by MAP2ab ϩ staining) express TNFR1. However, only ϳ40% of cortical neurons are TNFR2 ϩ . TNFR2 expression without TNFR1 is observed only in the cortical neurons prepared from TNFR1 Ϫ/Ϫ mice. Similarly, TNFR1 ϩ staining but not TNFR2 is found on neurons prepared from TNFR2 Ϫ/Ϫ mice (Fig. 1A) .
We used an immunoglobulin antibody against the GluA1 subunit of AMPARs to demonstrate the role of TNFR1 or TNFR2 signaling in the surface distribution of AMPARs of cortical neurons. Immunostaining showed positive staining for GluA1 on the cellular surface. An immunofluorescent intensity Ͼ2-fold the background staining intensity of the dendrite was set as the threshold definition of a cluster (Fig. 1B, top  panel) . We counted the GluA1 accumulation per 20 m of dendrite and found that the number of GluA1 clusters was decreased significantly in TNFR1
Ϫ/Ϫ neurons (7.2Ϯ0.5, nϭ52, PϾ0.05), when compared to WT con-trols (7.0Ϯ0.4, nϭ53) (Fig. 1C) . It has been reported that after using inactivating antibodies against TNFR1 or 2, application of TNF-␣ enhanced surface AMPA receptor clustering in hippocampal neurons via TNFR1 (22) . Even though the receptors are functionally inactivated, TNFRs are still present on the cell surface, having not been internalized. To test whether the decreased AMPAR clustering in TNFR1 Ϫ/Ϫ neurons could be restored as a result of TNF-␣ application, cultured cells were exposed to TNF-␣ (100 ng/ml) for 2 h. We found an increase in the number of GluA1 clusters in WT and TNFR2 Ϫ/Ϫ neurons but not in TNFR1 Ϫ/Ϫ neurons (Fig. 1B, bottom panel) . Statistical analysis showed a significant increase in the GluA1 cluster number in WT (11.3Ϯ1. 6 1C) . Our previous reports demonstrated that TNF-␣ has a low-affinity binding profile to TNFR2 in vitro (8) . Whether a longer-term exposure of TNF-␣ might promote AMPA receptor clusters has not been concluded, so we extended TNF-␣ treatment to 24 h. The results showed that, similar to the 2-h treatment, the 24-h application increases GluA1 clusters on the surface of neurons in both WT (12.1Ϯ1.7, nϭ46, PϽ0.05) and
TNFR2
Ϫ/Ϫ (13.0Ϯ1.8, nϭ49, PϽ0.05) but not in TNFR1 Ϫ/Ϫ neurons (3.4Ϯ0.3, nϭ43, PϾ0.05) compared to the corresponding controls (Fig. 1C) . This finding suggests that even though TNFR2 is present after the TNFR1 gene knockout, the binding and activation of TNFR2 to soluble TNF-␣ are at very low levels. This finding indicates that TNFR2 signaling may possibly play a minor role in AMPAR clustering, but it is not incredibly potent.
To determine whether changes in AMPAR immunoreactivity reflected a change in overall protein expression level or just a change in the distribution of membrane bound AMPAR, we collected the total cultured cells and performed Western blot analysis. We did not find obvious differences in total GluA1 expression levels among WT, TNFR1
Ϫ/Ϫ , and TNFR2
Ϫ/Ϫ cultured cortical cells (Fig. 1D) . We then tested the amount of GluA1 expression after TNF-␣ application for 24 h. Similarly, no obvious changes are observed in comparison to corresponding vehicle groups, which is consistent with previous reports (ref. 29 ; Fig. 1D ). These results show that TNFR1 signaling is correlated with the surface distribution of GluA1-containing AMPAR and that TNF-␣-induced TNFR1 stimulation enhances AMPAR clustering, but is not associated with total AMPAR levels. 
TNFR1 deletion decreases synaptic localization of AMPA receptor clusters
Experimental evidence suggests that activation of TNFR1 signaling participates in trafficking AMPAR toward the cell surface (19, 22) . However, the role of TNFRs in the stability of AMPAR clustering at synapses is still unknown. A postsynaptic scaffolding protein, PSD-95, is abundant at excitatory postsynaptic sites and tethers AMPAR clusters to postsynaptic membranes (30 -38) . To understand whether TNFRs could mediate the association of AMPAR with PDS95, double immunostaining was performed with antibodies directed toward GluA1 and PSD-95. Results showed that some of the GluA1 clusters colocalize with PSD-95, but some GluA1 proteins were not associated with PSD-95 ϩ structures (Fig. 2A) . The percentage of the colocalization for both GluA1 and PSD-95 to total PSD-95 was calculated. We found a significant decrease in doublestaining per 20-m dendritic segment in TNFR1 Ϫ/Ϫ cells (86.5Ϯ11.8%, nϭ48, P Ͻ 0.05) when compared to corresponding control cells (Fig. 2B) .
To test for changes in the number of synaptic terminals with TNFR deletion, we immunostained presynaptic terminals with an antibody against SYP. We found no significant change in the number of presynaptic SYP immunostains per 20 m of dendritic segment among WT (nϭ37), TNFR1 Ϫ/Ϫ (nϭ40), and TNFR2 (Fig.  2D) . With 100 ng/ml of TNF-␣ applied for 2 h, similar to the results of double-labeling PSD-95 with GluA1 (Fig. 2B) , we found no significant change of a percentage of double-labeling SYP and GluA1 in TNFR1 (Fig. 2D) . Next, we extended exogenous TNF-␣ exposure to 24 h to further verify AMPAR clustering at the synapse. Similar to the TNF-␣ treatment for 2 h, no significant change in the percentage of colabeled structures was observed in TNFR1 (Fig. 2D) . These results suggest that TNFR1, but not TNFR2, could be associated with an apposition and the stability of AMPAR at the synapse.
TNFR1 deletion decreases the localization of AMPAR to synapses in ischemic mouse models
Because TNFR2 preferentially binds to transmembrane TNF-␣ (15, 16), the soluble TNF-␣ stimulation in vitro of TNFR1-knockout cells may not be the best activation for TNFR2 function. It also has been suggested that astrocytespecific transmembrane TNF-␣ triggers more apparent inflammation and degeneration in the central nervous system than that of neuron-specific (39) . Due to lowintensity cell culture, TNFR2 has little contact on neighbor cells producing membrane TNF-␣. To further clarify whether TNFR2 plays a minor role in the trafficking of AMAPR to synapses as we observed in vitro (Fig. 2C, D) , we used ischemic injury mouse model, which exhibits significant production of proinflammatory cytokines, including both soluble and membrane bound TNF-␣. Specifically, we applied ischemic injury on TNFR1-knockout mice and examined whether a different change of AMPAR localization to synapses occurred following induction of focal cerebral ischemia injury. The success of ischemic injury models with a demyelinating cortical region was verified by the Gallyas silver stains (Fig. 3A) , and the ipsilateral ischemic tissues showed a structural difference from normal contralateral hemisphere by hematoxylin stain (Fig.  3B) . The double immunoreactive staining was performed with antibodies against GluA1 and synapse. Results showed a small part of AMPAR trafficking to synapses in normal contralateral cortex and an apparently increased AMPAR clusters to synapses in the ipsilateral regions following the induction of ischemic injury in 3-mo-old WT mice (Fig. 3C, top panel) . Little double-staining of GluA1 and SYP was observed in control contralateral brain of TNFR1 Ϫ/Ϫ mice with ischemic injury, and the phenomenon of GluA1 trafficking to synapses was not obviously increased in the ipsilateral of the injury induction in TNFR1-knockout mice (Fig. 3C, bottom panel) , consistent with the finding of spinal cord injury following neutralizing TNFR1 by soluble TNFR1 antibody (40) . Combining the findings of in vitro TNFR1 Ϫ/Ϫ cells (Fig. 2C, D) , it suggests that TNFR2 play little role in AMPAR trafficking to synapse, indicating little action of TNFR2 in excitotoxicity. 
TNFR1 deletion reduces excitatory synaptic transmission and prevents TNF-␣-induced increase in excitatory synaptic transmission
To further confirm the hypothesis that genetic deletion of TNFR1 decreases trafficking of AMPARs to synapses, we recorded miniature excitatory postsynaptic currents (mEPSCs) using patch-clamp recordings from primary cultured cortical neurons. Compared to WT neurons (20.6Ϯ1.4 pA, nϭ6), a significant decrease in the average peak amplitude of mEPSCs was observed in TNFR1 (Fig. 4A, B) . These results suggest that the genetic deletion of TNFR1 but not TNFR2 causes a significant reduction of synaptic AMPAR function based on physiological measurements.
To investigate possible effects of TNFR activation on mEPSCs, we treated neurons with 100 ng/m of TNF-␣ for 24 h. We normalized peak values and compared the groups (Fig. 4C) . We also normalized the frequency values of mEPSCs and compared the changes along with TNF-␣ application for 24 h to the corresponding untreated controls. We found that the TNF-␣ treatment significantly increased mEPSC frequency in both WT (216.8Ϯ23.8%, nϭ6, PϽ0.01) and TNFR2
Ϫ/Ϫ cells (190.5Ϯ15.7%, nϭ6, PϽ0.01) but not TNFR1 Ϫ/Ϫ neurons (113.2Ϯ10.5%, nϭ6, PϾ0.05) (Fig. 4C) . These results suggest that the TNF-␣-induced increase of mEPSC amplitude and frequency in WT neurons is mediated by TNFR1, but not TNFR2, and these findings are consistent with the results of TNFR1-mediated AMPAR synaptic clustering.
TNFR1 deletion decreases AMPAR-mediated whole-cell currents, and TNF-␣ fails to alter AMPAR-mediated whole-cell currents after TNFR1 deletion
To test whether TNFRs affect AMPAR function, 100 M AMPA was used to induce whole-cell currents in cul- Ϫ/Ϫ , and TNFR2 Ϫ/Ϫ mice in the absence and presence of TNF-␣ application. B) Average mEPSC peak amplitude before and after TNF-␣ treatment. C) Cumulative probability of the peak amplitude and frequency of mEPSC before and after TNF-␣ treatment. *P Ͻ 0.01. tured cortical neurons. Results showed that compared to WT neurons (419. 3Ϯ42.1 pA, nϭ6) , the peak amplitude of whole-cell currents was significantly reduced in TNFR1 Ϫ/Ϫ (186.5Ϯ46.7 pA, nϭ6, PϽ0.01) but not TNFR2 Ϫ/Ϫ neurons (478.5Ϯ78.7 pA, nϭ6, PϾ0.05) (Fig. 5A, B) . The reduction of AMPAR-mediated wholecell currents in TNFR1 Ϫ/Ϫ neurons suggests that TNFR1 deletion induces a reduction of total AMPAR numbers on the cell surface.
To further examine the role of TNF-␣ and its receptors in modulating AMPAR function, we compared AMPAR-mediated whole-cell currents in neurons before and after exposure of TNF-␣. As shown in Fig. 5C , D, after TNF-␣ exposure for 24 h, no significant change of 100 M AMPA-induced whole-cell currents was found in all WT, TNFR1 Ϫ/Ϫ , and TNFR2 Ϫ/Ϫ neurons. Statistical analysis showed that the peak amplitudes were 428.67 Ϯ 97.47 pA (nϭ6) in WT, 160.5 Ϯ 28.5 pA (nϭ6) in TNFR Ϫ/Ϫ , and 420.5 Ϯ 45.0 pA (nϭ6) in TNFR2
Ϫ/Ϫ cells, respectively (Fig. 5C, D) . These results suggest that TNF-␣, via TNFR1, increases synaptic AMPAR trafficking to the synapse but does not alter total AMPAR expression.
TNFR signaling does not affect NMDA receptor clustering
To determine whether TNFR1 or 2 affected NMDAR clusters, cultured cortical neurons were analyzed by immunolabeling with an antibody against the GluN1 subunit of the NMDAR. We did not find significant changes in the number of GluN1 clusters among WT, TNFR1
Ϫ/Ϫ , and TNFR2 Ϫ/Ϫ neurons (Fig. 6A, top  panel) . To test whether TNF-␣ affects NMDAR clustering, cells were exposed to 100 ng/ml of TNF-␣ for 2 h. We did not find apparent increase in the number of GluN1 clusters in WT, TNFR1 Ϫ/Ϫ , or TNFR2 Ϫ/Ϫ neurons (Fig. 6A, bottom panel) . Statistical assays showed no significant changes of GluN1 clustering among WT (nϭ38, PϾ0.05), TNFR1 Ϫ/Ϫ (nϭ47, PϾ0.05), or TNFR2 Ϫ/Ϫ neurons (nϭ36, PϾ0.05) with or without TNF-␣ treatment (Fig. 6B) . These results suggest the stability of NMDAR, at least within the short-term TNF-␣ treatment. Then we asked whether the stability of NMDAR expression could be changed with TNF-␣ application over a longer time. TNF-␣ exposure was extended to 24 h, and no significant changes were observed in the number of GLUN1 clusters in WT (nϭ44), TNFR1 Ϫ/Ϫ (nϭ43), or TNFR2 Ϫ/Ϫ neurons (nϭ48) compared with corresponding untreated control cells (PϾ0.05) (Fig. 6B) . In patch-clamp recordings, NMDA-induced inward currents from WT, TNFR1
Ϫ/Ϫ , and TNFR2 Ϫ/Ϫ mice were compared (Fig.  6C) . Without TNF-␣ treatment, no significant differences in the peak amplitude of NMDA-induced current were observed in WT (595.4Ϯ77.0 pA, nϭ6), TNFR1 Ϫ/Ϫ (535.3Ϯ50.0 pA, nϭ6), and TNFR2
Ϫ/Ϫ neurons (515.8Ϯ61.1 pA, nϭ6) (Fig. 6D) . After TNF-␣ treatment (24 h), we did not find significant differences in the peak amplitude of NMDA-induced currents in WT (645.7Ϯ81.3 pA, nϭ6), TNFR1 Ϫ/Ϫ (613.0Ϯ86.5 pA, nϭ6), and TNFR2
Ϫ/Ϫ neurons (485.7Ϯ69.9 pA, nϭ6) (Fig. 6E, F) . These results suggest that TNFR signaling has no significant effect on NDMAR trafficking, expression, and function.
DISCUSSION
In this study, we find that the deletion of TNFR1, but not TNFR2, decreases AMPAR cell surface clustering and assembly at the synapse. This cannot be restored by exposure to TNF-␣, suggesting a role for TNFR1 signaling in the maintenance of the basal AMPAR membrane stability. Combined with the findings that soluble TNFR1 application, neutralizing TNF-␣ signaling, lowers AMPAR surface expression (22) , it has been suggested that under physiological conditions, TNF-␣ production by neurons and/or astrocytes (41) is enough to maintain neuronal basal excitatory characteristics. Although significant decreases in AMPAR cell surface clustering were observed, no significant differences were found in AMPAR protein levels, as was demonstrated by Western blot from the cortical neurons of WT, TNFR1 Ϫ/Ϫ , and TNFR2 Ϫ/Ϫ mice. This condition persisted even with the long-term (24 h) TNF-␣ treatment, suggesting that TNFR signaling might be primarily involved in the trafficking of rapid AMPAR exocytosis but not protein metabolism (19, 22, 42) . Leonoudakis et al. (43) showed that at the end of TNF-␣ application (1 h) the levels of surface GluA2-lacking CP-AMPARs had returned to baseline. Therefore, their data also may implicate more extrasynaptic GluA1 trafficking to the synapse so that the increase is not apparent in the surface expression of GluA1. Our results are supported by the observation of 2-step delivery of AMPARs, first to extrasynaptic and then to synaptic plasma membrane, after LTP induction (44) . A report showed that 10 ng/ml of TNF-␣ treatment on human NT2-N neurons increased GluA1 expression (45) , suggesting that TNF-␣-NF-B signaling improved GluA1 synthesis. The difference from our result may suggest that human NT2-N cells are more active than mouse cortical neurons (45) . Our results are in agreement with the suggestion that surface AMPARs move laterally to synapses where they are stabilized by synaptic activity (46 -49) .
PSD scaffolding proteins are involved in the structure and function of excitatory synapses (30, 50 -53) . It has been suggested that PSD-95 levels influence AMPA receptor retention and activity at the synapse (35, 37) . Overexpression of PSD-95 enhances AMPAR recruitment and excitatory synaptic responses without affecting NMDAR clustering in developing hippocampal neurons (30) . A lack of PSD-95 results in reduced AMPAR function (54, 55) . Further, the effects of PSD-95 on AMPAR clustering are modulated through association with stargazin and related family members (32, 56, 57) . Here we find that a TNFR1 knockout decreases the colocalization of PSD-95 with AMPAR GluA1 subunit. Whether TNFR1 deletion lowers the capacity of PSD-95 binding to AMPAR still needs to be further investigated.
In TNFR1 deletion neurons, the amplitude and frequency of mEPSCs are reduced, which cannot be restored with long-term (24 h) TNF-␣ treatment, whereas the mEPSCs in TNFR2-knockout cells are not significantly elevated with short-term TNF-␣ treatment. This evidence suggests that TNFR1 stabilizes glutamate receptor transmission. It has been reported that the activation of presynaptic TNFR1 signaling enhances presynaptic transmission (58) and is likely mediated by activating the cAMP pathway (59) . In addition, TNFR signaling likely modulates glutamatergic transmission through both pre-and postsynaptic mechanisms (19, 60) . Our electrophysiological results further provide evidence that TNFR1 activation by TNF-␣ increases AMPAR trafficking to the synapse but not the total AMPAR expression level and function on a whole-cell level. The redistribution of surface-expression might involve a lateral diffusion mechanism of AMPA receptors from extrasynaptic to synaptic loci.
Our results have clearly shown that TNFR signaling does not significantly change the expression, clustering, or synaptic transmission of NMDAR as well as its affinity to NMDA among the neurons of WT, TNFR1 Ϫ/Ϫ , and TNFR2 Ϫ/Ϫ , prior to and after longterm (24 h) TNF-␣ treatment. This finding suggests that synaptic NMDARs are less mobile than AMPARs, which is consistent with previous reports (22, 61) . It has been shown that overactivation of TNFR signaling by chronic TNF-␣ treatment (24 -48 h) increases 30% of calcium current but has no effect in the short-term (Ͻ24 h) (62) . Whether the TNF-␣-induced increase in calcium current is associated with NMDAR needs to be clarified.
Many lines of evidence have shown that TNF-␣/ TNFR signaling is elevated in a large number of neurological disorders including ischemia (63, 64) , traumatic brain injury (65) , multiple sclerosis (66 -69), Alzheimer's disease (71) (72) (73) , and Parkinson's disease (7, 74 -78) . In a previous report, we found that TNFR1 expression and activity are elevated in Alzheimer's disease (9) . The elevated TNF-␣/TNFR1 signaling can potentiate excitotoxicity to neurons directly, by combining with subthreshold levels of glutamate, through activation of glutamate-NMDAR (79), or indirectly, by inhibiting glial glutamate transporters on astrocytes (80) or by mediating TNFR1 signaling to localize AMPAR to synapses (19, 81, 82) . Furthermore, it has been verified that rapid TNF induces Ca 2ϩ -permeable GluA2-lacking AMPARs to the neuronal membrane, resulting in excitotoxicity (40, 43) . Thereby, from all of these perspectives, it has been indicated that genetically targeting TNFR1 and TNFR2 could be an attractive approach to reduce or prevent excitotoxic damage (40, 43) .
